Abstract: High-sensitivity sensing based on plasmon-induced transparency (PIT) in a rectangular resonator has been investigated in detail. Multimode theory is introduced to explain the redshift and blueshift of the transmission spectrum by adjusting a structural parameter (w or h). In sensing applications, the sensitivity of the proposed structure is about 800 nm/RIU, and its figure of merit (FOM) is as high as 17280. In addition, the influences of structural parameters on FOM are researched in detail. The results indicate that structural parameters play important roles in optimizing the sensing performance, and the length ðhÞ is more sensitive than the width ðw Þ for FOM. The plasmonic configuration has the advantages of easy fabrication and compactness, which may find important applications in highly integrated optics devices, optical communication, and sensitive nanometerscale refractive index sensors.
Introduction
Electromagnetically induced transparency (EIT), which occurs in atomic systems, arises from quantum interference between the atomic resonances [1] . Due to the wide applications in slow light, nonlinear optics, quantum information processing, optical data storage, and biosensor [2] - [4] , EIT has attracted considerable attention in recent decades. However, the strict restrictions on the realization of EIT hinder its practical application. Surface plasmon polaritons (SPPs) which are trapped on the metal-insulator interface have the capabilities to overcome the classical diffraction limit and manipulate light in the nanoscale domain [5] - [7] . Plasmon-induced transparency (PIT) is a plasmonic analog of the EIT. A number of devices based on SPPs have been numerically simulated and experimentally demonstrated, such as bandpass filter, sensors, optical buffers, and amplifiers [8] - [11] . Among these devices, metal-dielectric-metal (MDM) waveguides are the most promising for realization of nanoscale devices, owing to their deep-subwavelength confinement of light and relatively easy fabrication [12] - [17] .
In past years, PIT based on MDM waveguide have been theoretically predicted and experimentally demonstrated in previous literatures [13] , [14] , [18] - [22] . Lu et al. established multi-nanoresonator-coupled waveguide systems to study PIT theoretically [14] . Zhan et al. researched the PIT based on ring-resonators coupled channel drop filter systems [19] . A chip-integrated multichannel filter was constructed to study PIT experimentally [22] . PIT can be observed in two structures with different and identical dimension [12] , [14] , [17] - [20] , [23] , [24] . Some literatures reported that PIT can be realized in single microdisk, whispering-gallery and stub resonator [25] - [27] . In recent years, plasmonic sensor is of great importance for device applications. Plasmonic sensors based on various structures have been investigated numerically and theoretically, such as cavity, stub, ring, asymmetric and terminal closed T-shaped and so on [28] - [32] . Due to the steeper variation in optical spectrum and slow-light, the PIT sensor performance is better than the non-PIT one [32] .
In this paper, high sensitivity sensing based on PIT in a rectangular resonator coupled with bus waveguide has been investigated in detail. Due to the destructive interference between resonance modes, PIT can be observed. The finite-difference time-domain (FDTD) with perfectly matched layer (PML) absorbing boundary is introduced to investigate the configuration. Multimode theory is introduced to explain the redshift and blueshift of transmission spectrum by adjusting a structural parameter (w or h). The plasmonic nano sensor has a sensitivity of 800 nm/ RIU and a FOM of 17280. It is found that structural parameters play important roles in optimizing the sensing performance. The finds have potential applications in the on chip nano sensing.
Model
The proposed structure is schematically shown in Fig. 1(a) , consisting of a bus waveguide coupled with a rectangular resonator. The width of bus waveguide and rectangular resonator are respectively set to be d and w . h denotes the length of rectangular resonator. g stands for the distance between bus waveguide and rectangular resonator. The orange-red area is silver, whose complex relative permittivity is characterized by Drude model
where the dielectric constant " 1 ¼ 3:7 at the infinite frequency, the bulk plasma frequency ! p ¼ 1:38 Â 10 16 rad/s, ! stands for the angle frequency of incident wave, the damping rate p ¼ 2:73 Â 10 13 rad/s characters as the absorption loss [33] .
Results and Discussion
The transmission spectrum with w ¼ 100 nm and h ¼ 400 nm is shown in Fig. 1(b) , which clearly shows two resonance dips. In this paper, d and g are fixed to 50 nm and 15 nm, respectively. Based on Coupled Mode Theory (CMT), we define to be the phase delay per round-trip in the rectangular resonator, one has ¼ 4n eff H= þ r , where r is the phase shift of a beam reflected on the upper and lower (left and right) facets of the resonator, H presents the h or w of the rectangular cavity [34] , n eff is the effective refractive index which can be obtained by the dispersion equation [14] " m ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi where " m and " d stand for the dielectric constant of metal and dielectric waveguide with a width of d , respectively. To simplify the calculation, the dielectric is set to be air ð" d ¼ 1Þ. According to equation (1), the effective index n eff with different width for wavelength ranging from 500 nm to 1200 nm are plotted in Fig. 1 (c). When resonant condition is satisfied ð ¼ N Á 2Þ, where N is positive integer and corresponds to the order of the resonant mode, the resonant wavelength can be expressed as m ¼ 2n eff H=ðN À r =2Þ. Thus, the two resonance dips in Fig. 1(b) are respectively the first-order mode and the second-order one. Fig. 2 (a)-(d) respectively display the transmission spectra with various w and h ¼ 400 nm. Interestingly, when w equals to 200 nm, a typical PIT can be observed, where a transparency peak at 531 nm is located between two dips at 522.5 nm and 554 nm. According to Fig. 1(b) , we consider that the transparency window can be regarded as the splitting of the second-order mode. As the w continues to increase, the transparency window shows redshift together with an enhanced transmittance.
As reported in Ref. [27] , when the rectangular cavity is big enough, the x-and y-directional resonances can be excited in the cavity. The resonance modes are denoted by TM mn , where m and n denote the number of node of standing waves in horizontal and vertical directions in the rectangular cavity. In order to understand the underlying physics of the resonant modes in the transmission spectrum, the corresponding magnetic field intensity jH z j for the transmission peak and dips are displayed in Fig. 2 (e) when w ¼ 250 nm and h ¼ 400 nm. And the resonance modes can be expressed as TM 11 , TM 10 , TM 10 and TM 01 , respectively. Therefore, the PIT optical response in this proposed structure can be ascribed to the destructive interference between resonance modes (TM 11 and TM 10 ), which is similar to the formation mechanisms of PIT in previous work [27] . Likewise, due to the destructive interference between TM 10 and TM 01 , PIT can be observed in Fig. 2(d) . Fig. 2(f) shows the wavelength shift of peak/dip2/dip3 against the change of w with a step of 50 nm. With the increasing of w , dip2 and peak rise monotonously and shift to longer wavelength. On the contrary, dip3 shifts to shorter wavelength. As the peak shifts to longer wavelength, the Fig. 3(b) . (f) The wavelength shift of peak/dip2/dip3 against the change of w with a step of 50 nm.
transmission intensity between dip2 and dip3 becomes increasingly smaller. Finally, dip2 and dip3 overlap at the wavelength of 956 nm when w ¼ 400 nm, as shown in the inset of Fig. 2(c) .
As described above, increasing w will give rise to two opposite results: One is the redshift of dip2 (peak), and the other is the blueshift of dip3. Then, how to explain the counterintuitive phenomenon? As illustrated in Fig. 2(e) , the resonance modes of peak, dip2 and dip3 are denoted TM 10 , TM 10 and TM 01 , respectively. According to the results of Ref. [34] , when the magnetic field is vertical symmetry (peak, dip2), the length of resonator equals to w ðH ¼ w Þ. On the contrary, when the magnetic field is horizontal symmetry (dip3), the width of resonator is w and the length of resonator equals to h ðH ¼ hÞ. Based on m ¼ 2n eff H=ðN À r =2Þ, it is concluded that increasing w can generate two consequences, the one is increasing the effective length of resonator (just as the case of peak and dip2) which gives rise to the increasing of the resonant wavelength, and the other is increasing the width of resonator (just as the case of dip3) which leads to the decreasing of refractive index and resonant wavelength.
Can the theory be applied to the other case? The transmission spectra with different h are depicted in Fig. 3(a) . Obviously, the change tendencies of dip2/dip3 are the same as that in Fig. 2(f) . Fig. 3(b) and (c) displays the magnetic field distributions of dip2 and dip3 with w ¼ 400 nm and h ¼ 300 nm. Just as shown in Fig. 3(b) , the magnetic field of dip2 is horizontal symmetry, which means the length of resonator equals to h ðH ¼ hÞ. Analogously, the magnetic filed of dip3 is vertical symmetry, which means the width of resonator equals to h. In other words, increasing h stands for increasing the length of resonator (redshift) for dip2 while increasing the width of resonator (blueshift) for dip3. In summary, the theory can also be suitable for the case of changing h in rectangular resonator. It is worthwhile to mention that the wavelength shift of dip3 is less than that of dip2/peak, which is attributed to the fact that the variation of n eff is very small by changing the width of waveguide. As far as we know, there are few studies on PIT based on an individual rectangular resonator coupled with bus waveguide. The simple structure possesses the advantage of easy fabrication and compactness, which has potential applications in optical data storage, highly integrated optical circuits and optical buffers.
As a research hotspot, the sensor has attracted great interests, and PIT is considered to be very sensitive to the surround environment variation and can be applied in sensor. As an important index in sensor, the Sensivity ¼ Á=Án, where Á and Án respectively stand for spectrum shift and the change of the effective refractive index, is introduced to characterize the sensor performance. Fig. 4(a) shows the transmission spectra with the parameters of w ¼ 350 nm, h ¼ 400 nm for the change of refractive indices from 1 to 1.04 with a step of 0.01. As shown in Fig. 4(b) , when the environment (dielectric) refractive index increases, a clear redshift of the spectrum is visible, and the peak wavelength shifts from 916.8 nm to 924.7 nm and then to 949 nm as refractive index n eff increases from 1 to 1.01 and then to 1.04. Similarly, the dip1/dip2 almost increases linearly with the increasing of refractive index. The slopes of dip1/dip2/peak are almost equivalent. The sensitivity is about 800 nm/RIU from Fig. 4(b) . Fig. 4(c) shows the wavelength of dip1/dip2/peak shift against refractive indices when w ¼ 250 nm, h ¼ 400 nm. It is concluded from Fig. 4(c) that the sensitivity is about 590 nm/RIU when w ¼ 250 nm, h ¼ 400 nm, which is lower than that when w ¼ 350 nm, h ¼ 400 nm. According to the linear relationship between the wavelength shift and the refractive index, detecting the wavelength shift of the transmission spectrum can obtain the refractive index of the material under sensing, which is the sensing principle of the proposed device. In this regard, the high sensitivity is beneficial to sensor. As far as we know, the sensitivity of the proposed structure is higher than previous reports [35] - [38] .
The figure of merit (FOM), as another key factor of the sensor, is introduced to evaluate the performance of the sensor and studied in detail. Considering that lasers are widely used in practice (one wavelength output), a FOM at a fixed wavelength can be defined as FOM ¼ jðÁT =ÁnÞ=T j [39] , where T is the transmittance at the specific wavelength, ÁT =Án is the transmittance change at fixed wavelength induced by a refractive index change, which are respectively denoted in Fig. 4(a) . According to the definition of FOM, it can predict that a larger FOM can be obtained by an ultra-low transmittance and a sharp change of transmittance induced by the index changes. Fig. 5(a) shows the FOM and the corresponded transmission spectrum with w ¼ 350 nm, h ¼ 400 nm and n ¼ 1:01. It is found that the maximum FOM nearly appears at the transmission dips, which is attributed to the lowest initial intensity T here, and the corresponded maximum FOM of dip1 and dip2 are 4259 and 1566, respectively.
In order to study the maximum FOM well, we research the effect of various w and h on FOM in detail. Fig. 5(b) describes the maximum FOM of dip1/dip2 against different h (w ¼ 400 nm, d ¼ 50 nm, g ¼ 15 nm). The results reveal that the maximum FOM of dip1 decreases monotonously from 17280 to 1600 when h increases from 200 nm to 375 nm. However, the maximum FOM of dip2 first decreases from 4468 to 83 and then increases to 1489 when h increases from 200 nm to 300 nm and then to 375 nm. Fig. 5(c) displays the maximum FOM with different w (h ¼ 400 nm, d ¼ 50 nm, g ¼ 15 nm). Different from the influence of adjusting h on FOM, the variation tendencies of dip1 and dip2 are similar. The maximum FOM of dip1 and dip2 can be obtained when w increases to 250 nm. When the w is greater or less than 250 nm, the maximum FOM will decrease distinctly. What is noteworthy is that and the length ðhÞ is more sensitive than the width ðw Þ for FOM.
At last, the influence of different distance g on the maximum FOM at dip1 and dip2 (w ¼ 350=250 nm and h ¼ 400 nm) are investigated in detail and shown in Fig. 5(d) and (e), respectively. Obviously, it can be seen from Fig. 5(d) that the maximum FOM of dip1 achieves the maximum when distance ðgÞ increases to 15 nm. As g continues to increase, the FOM shows a monotonic decrease. On the contrary, the maximum FOM of dip2 decreases monotonously and manifests a linear relation with g. It is found that the variation tendencies of dip1 and dip2 are similar when w ¼ 250 nm and h ¼ 400 nm from Fig. 5(e) . The FOM achieves the maximum when g equals to 15 nm, and the maximum FOM will reduce when g is greater or less than 15 nm. In summary, the structural parameters play important roles in optimizing the sensing performance.
Conclusion
To sum up, high sensitivity sensing based on PIT in a rectangular resonator coupled with bus waveguide has been investigated in detail. Due to the destructive interference between resonance modes, PIT can be observed. Multi-mode theory is introduced to explain the redshift and blueshift of transmission spectrum by adjusting a structural parameter. The plasmonic nano sensor has a sensitivity of 800 nm/RIU and a FOM of 17280. It is found that structural parameters play important roles in optimizing the sensing performance. Because of easy fabrication and compactness, the structure has potential applications in highly integrated optics devices and plasmonic nano-sensing area. 
